In May, 2000 the MMT Conversion was dedicated. Space limitations on the summit of Mt. Hopkins, AZ and limited financial resources dictated in-situ aluminization of the φ 6.5m primary mirror. Some of the attendant challenges successfully addressed in the course of accomplishing that task are described. For example: a 22 metric ton, φ7m vacuum head had to be lifted 25m before being lowered through the horizon-pointing telescope truss (clearing by 16 mm), then secured to the mirror cell that serves as a vacuum vessel; dirty mirror-support hardware integral to the cell required isolation of the process volume operating at 10 -6 mbar; extensive modeling of source geometry was needed to achieve uniformity goals at very short source-substrate distances; and a cost-effective 75kW DC filament voltage source using commercially-available arc welders was developed that allowed simultaneous firing of 200 evaporation sources. Details of design and construction of the evaporation system are given along with techniques and results of the successful coating in
Introduction
From May 1979 to March 1998, before its conversion to a single φ 6.5m aperture, the MMT on Mt. Hopkins (south of Tucson, AZ) operated as a multiple telescope platform. An altitude/azimuth mount in a rotating building provided a footprint small enough to allow the MMT to be located atop the near-conical 2,606m summit. The images from its six φ1.8m Cassegrain telescopes were superposed to give the equivalent light gathering area of a single φ 4.5m telescope. Since four reflections were required for this superposition, production and maintenance of the highest quality reflecting films were a priority from the outset. Over a twelve year period, deposition processes were refined to the point that strongly adhering and highly reflective (reflectance equaling that of films condensed under ideal conditions as well as calculated values) aluminum (Al) films could be consistently produced.
The six co-mounted telescopes have now been replaced by a single classical Cassegrain of φ 6.5m aperture with an ƒ/1.25, monolithic, honeycombed, borosilicate primary mirror. Thin film objectives for the conversion remained ambitious, and included a structure function error budget corresponding to an atmosphere of r 0 = 400cm or 5nm RMS surface error.
Because of limited space available for facilities on Mt. Hopkins (Figure 1 ), unconventional approaches to observatory development had to be considered. In addition to the substantial expense, a separate deposition facility would have created a number of difficult issues. The mechanical and storage facility (at the top, or east, in Figure 1 ), for example, would likely have been forced off site -a very problematic option. The daunting complexity and risk of removal, transportation, and reinstallation of the primary mirror made in-situ aluminization appear to be the only viable alternative. The cost and other benefits of in situ coating had been well outlined, and budget limitations may have dictated such an approach even if space weren't an issue. A glance at Figure 2 , which shows the primary mirror dangling above the telescope, should convey the trepidation felt here at the thought of doing it any other way. '4 " S Economy and uniformity requirements (which, with a short source-substrate distance, implied a substantial number of sources) largely drove the process of deciding just how to put Al on the mirror. The first attempt incorporated several ambitious time and money saving innovations involving the use of series-connected, φ 2.5mm tungsten (W) rods to thermally evaporate Al in vacuo. While showing promise in some respects, these efforts ultimately failed and are not discussed here. Suffice to say that in the coating business things are done the way they are for a reason, usually one borne of hard experience. Next, a more conventional approach utilizing parallel W filaments was adopted, several more modern and energetic techniques being rejected as too expensive and/or difficult to implement on a large scale.
Several years of dedicated team (and individual) efforts culminated November 9, 2001 with the first successful insitu aluminizing of a φ 6.5m-class mirror. Even with a sizeable perforation in the partitioning membrane, which increased pressure in the process volume an order of magnitude above target, reflectance was better than 91% at 450nm and adhesion was good. We have since re-coated the mirror with similar good results in September 2005.
Coating Objectives
MMTO facility instruments cover the spectral range of 320nm to 10µ, making unprotected Al the only reflecting material suitable for the primary mirror. Protective oxide overcoats usually have absorption bands in the thermal infrared that can dramatically increase emissivity, exhibit significant losses at high angles of incidence, show transmission dips near 3µ due to water adsorption, and impose significantly increased complexity and cost on the deposition system. Reflectance, scattering, adhesion, and durability of evaporated Al films are a function of several interdependent deposition parameters listed below in order of importance:
• Deposition rate -the higher the better (however, see exception below). It is well established that the properties of thin Al films are more dependent on deposition rate than any other single parameter. Al is very reactive: ultraviolet (UV) reflectance begins to decay within seconds at a total pressure of 7 x 10 -6 mbar due to the formation of an oxide layer. Low deposition rates promote incorporation of greater quantities of oxides and other contaminants in the film: granularity, scattering, and total hemispherical emittance increase while reflectance and density decrease. Al films deposited at low rates show greater deterioration in UV reflectance with age. Blue (400nm) reflectance of Al deposited at 4 x 10 -6 mbar begins to roll off as deposition rates fall below 2 nm/sec-this is the minimum acceptable rate, and while there should be no upper limit on deposition rate, reflectance of films produced in smaller systems used by the observatory (with much shorter sourcesubstrate distances, 30-45cm) begins to roll off as rates exceed about 10 nm/sec. This is likely due to substrate heating as reflectance measurements are usually made on witness plates of 1mm thickness. Other possibilities exist, however, including nucleation and other atomic collisional processes in the vapor cloud, as well as increased production-and consequent incorporation-of volatile W oxides. Further, as evaporation rate increases so does the likelihood of "spits" and "comets" that, if deposited on the substrate, will eventually become sizeable pinholes and deterioration foci. We therefore set 10 nm/sec as the maximum acceptable rate for our process.
• Pressure -the lower the better. Al is an efficient getter and oxidizes readily; the mean free path (mfp) should be substantially in excess of source-substrate distance. Decreasing pressure reduces dependence of reflectance on deposition rate and retards effects of aging on UV reflectance. Evaporation at higher pressures even in a nonoxidizing atmosphere is viewed here with suspicion. While reflectance of films produced in argon (Ar) and hydrogen (H 2 ) atmospheres of 10 -4 mbar (mfp ≈ 0.6m) appears to be near ideal, no work on the morphology of such films has surfaced. The available literature consistently suggests that collisional energy loss with resultant decrease in adatom surface mobility and packing density at these pressures could have significant implications for scattering and durability. Our target system ultimate pressure is 1.3X10 -6 mbar (mfp ≈ 50m).
• Evaporant incidence angle -specular reflectance decreases quantitatively near vapor incidence angles of 30° and is down as much as a few percent at 60°. This is principally a consequence of angular growth of the columnar microstructures that effectively increases grain size and scattering. Density of films so structured is less than normal, the increased porosity providing more surface area for the adsorption of water and other contaminants. Source baffles are included and designed to limit vapor incidence angle to 60° in the worst case.
• Film thickness (t) -opacity and reflectance approach maximum at a thickness of about 60nm (λ=650nm . Losses in specular reflectance and increases in scattering are discernible, depending on conditions, by about t =200nm. As thickness increases so does sensitivity to the effects of increasing vapor incidence angle, increasing pressure, and decreasing deposition rate. Tensile stresses accumulate with thickness, increasing the likelihood of cracking, flaking, pinholing, and delamination. Since no difference is observed here in the durability of justopaque and thick Al films, everything points to the desirability of going thinner rather than thicker. Our target thickness is 950nm.
• Evaporant purity -99.5% Al produces measurably inferior results. Very nearly ideal reflectance can be obtained with evaporant purity of 99.99%. "Five-nine" (99.999%) Al is used here since it is readily available and inexpensive.
• Glow discharge cleaning -fresh films at MMTO have always been required to pass a "Scotch ® tape" adhesion test. The principal determinant of adhesion is inclusion of proper glow discharge cleaning immediately prior to evaporation-without it, the most stringent final cleaning process and perfect "black breath" will give passable results an unpredictable percentage of the time. Ion bombardment also accelerates desorption of water vapor and other contaminants from chamber surfaces, which can then be removed. Oxygen (O 2 ) is required for efficacious removal of hydrocarbons and production of strongly adhering Al films. Ideally the substrate is uniformly immersed near the positive column side of the cathode dark space, particle velocities being near maximum there. While cleaning is perhaps most efficient in this region, it takes place sufficiently throughout the volume for acceptable results.
• Pinhole population -durability and scattering are a function of pinhole density. Most pinholes result from particle contamination of the surface. While every vacuum deposition chamber is a particle factory, guaranteeing pinholes in even the most meticulously prepared films, considerable reduction can be made in the initial population by thorough carbon dioxide (CO 2 ) "snow" cleaning prior to closing the chamber, and roughing the chamber slowly to minimize turbulence.
• Substrate temperature (t) -Al (and other low melting point metals such as silver or gold) deposited on heated substrates (t >100°C) agglomerates into grainy, high-scatter films. This presents no problem as the primary mirror must be kept near ambient temperature; it will not safely withstand appreciable temperature gradients. Negligible substrate heating occurs during deposition.
Source Geometry
The structure function error budget for the primary coating corresponds to 5nm RMS surface irregularity. The source-substrate distance is physically constrained to approximately 1.5m-a distributed array is consequently required to meet uniformity requirements. A system of concentric rings provides a simple, effective solution. Software authored by J. M. Hill (LBT) was used to model thickness distribution vs. array geometry. Inputs were number of rings, ring radii, ring heights above the parabolic vertex, number of evenly spaced point sources per ring, and cone baffle angle. Numerous iterations produced an optimal solution having 200 sources on three concentric rings at varying heights (all near 1.5m) above the mirror. A diametral cut of thickness distribution and structure function are shown in Figure 3 ; the solution is graphically depicted in Figure 4 .
The high spatial frequency, steeply sloped structure in the model output (using point sources) is mitigated by the three-dimensional extent of the real sources. As discussed later, the structure is additionally smoothed by concentric ring baffles, which are used instead of circular cans over each source. The RMS error is reduced further by eliminating the central regions occulted by ƒ/5 and ƒ/9 secondary shrouds. While the distribution is not yet empirically verified, nothing in the star-illuminated telescope pupil gives cause to doubt that it conforms reasonably well to the model. Finally, note that a predicted quarter gram of Al per source is evaporated uniformly into 4π SR to condense 950nm on the mirror surface. FigureS. Cutaway rendering of partial vacuum head assembly. Figure 5 shows a cutaway view of the φ 6.8m vacuum head assembly. One of the φ 1.3m cryopumps can be seen along with its isolation valve, one φ 0.8m central port, and a stand weldment. Also seen is the source ring support structure, or "star" (of David). It is constructed of 6061-T6 Al I-beams, from which are suspended the source rings. Empty weight (including the star) is 14,100kg. Two cryopumps and gate valves add approximately 6,800kg. Stainless steel is the material of choice for vacuum vessel fabrication, but the MMT vacuum head is constructed of mild steel to reduce cost. Inner surfaces of the vessel are painted with AKZO Cat-A-Lac 463-3-100 low vapor pressure epoxy. The cured epoxy outgasses at a rate of about 10 -8 mbar-l/sec/c, comparable to clean, outgassed mild steel, and about an order of magnitude better than slightly oxidized mild steel. The vacuum head/mirror cell combination was helium (He) While the vacuum properties of the epoxy appeared to be suitable prior to selection, we had reservations about its performance over time during storage and under vacuum. We can report that so far the epoxy is performing beautifully. It is also nearly impervious to solvents and mild acid/base solutions, making cleanup and maintenance straightforward. The 463-3-100 formulation is no longer produced, but paints with similar qualities are presently available, e.g., Aeroglaze A276 from Lord Corporation.
Vacuum Head

Source Rings
Source rings are rolled from 1" 6063-T5 Al square stock. This alloy is inexpensive, readily available, has low quantities of volatile constituents, good weldability, and fairly low resistivity. Copper (Cu) is not used because of its weight, cost, and affinity for corrosion. Any competent metal shop should be able to roll the squares to the correct radius without introducing significant warpage. The smaller-radius inner continuous ring serves as electrical common while the outer is split into 5-filament segments. The ½" x 1" rectangular tabs are welded to the major segments and provide a means for keeping the filaments horizontal-the vacuum head axis of symmetry is horizontal in operation. With vertical filaments, gravity will, at some point, overcome surface tension. Sizeable Al charges (1g) cannot be reliably held on typical filaments at arbitrary orientations with respect to gravity. Shuttering capability for the sources were discussed and the idea dropped as too complex (and, more importantly, time consuming) and it seems unlikely as their presence is demonstrated to be not required for acceptable results.
Al square drops are used for the columns that attach the rings to the support structure. Electrical isolation is accomplished with polycarbonate (Lexan ® ) washers and sleeves. Outgassing properties of polycarbonate are surprisingly good at room temperature although care must be taken to isolate it from heat sources.
The source rings use a complex interleaving scheme that results in 10 electrical circuits, with banks of 20 filaments in a "totem pole" configuration; the center node of the "totem pole" is used as a common neutral bus. Interleaving the filament circuits in this way prevents a single power supply failure from potentially creating a poorly coated section of the mirror; using a neutral bus allows current-flow cancellation and saves expensive vacuum feedthrough 
Filaments
Filaments are made to the following specifications:
6" overall length 3" wrap length 3 x φ.02" W wire 12 x φ .5" ID coils Experiments determined that these filaments could hold one evenlydistributed gram of Al without pooling if properly loaded and wetted. Figure 7 illustrates the loading method. The filament coils are wrapped with 425 mm of φ 1.0mm Al wire (0.9g), 4-5 tightly wound turns per coil, spanning coilto-coil. The spans are then cut-with no shorted coils, heating is very uniform and predictable. This method also puts each coil load in good mechanical and thermal contact with the W, further encouraging consistent behavior. The Al is wrapped on the side of the coils toward gravity (after installation) to prevent pooling upon melt. The software model prediction of 0.25g Al evaporated per source notwithstanding, filaments are charged with 0.9 g of evaporant material. It is intended that they not run dry under any circumstance. Filaments are resistance matched and weighed individually before and after loading to ensure electrical and load uniformity. The wrapped filaments are then etched in an ultrasonic bath of phosphoric and nitric acid immediately prior to installation. This is an important step: even though oxides form slowly on W, they do form and Al will not wet them. Also, W contamination in Al films produced with unetched filaments has been observed. Test-fired filaments remain supple enough after one firing to tempt repeated use, but it has been decided to use new filaments for each coating for the following reasons:
Uniformly reloading partially spent sources would be problematic and labor intensive. It is nearly impossible to reload in place without physically disturbing embrittled filaments and the environment in which this work would have to be done is hardly conducive to precision and detail. In the smaller coating systems a quantitative decrease in reflectance per coating on a given filament has been consistently observed-cause unknown. The cost of new filaments ($1200) is small when viewed as a percentage of the overall expense of realuminizing.
Source Shielding
In an ideal system, evaporated Al atoms would impinge only on the mirror surface, condensation on other surfaces producing mainly deleterious effects. A system of stainless steel sheet metal walls and annuli arranged in a basic π configuration contains the bulk of evaporant not directed at the mirror. These baffles also serve the principal function of limiting vapor incidence angle. The concentric inner and outer walls are located in r and z so as to limit the evaporant incidence angle at any point on the mirror surface to about 60°. The original plan had cylindrical cans over each source, but this was abandoned in mid-construction as too labor intensive and time consuming. A simple CAD ray trace confirmed the efficacy of this revised arrangement, although its impact on film distribution, while probably small, is unknown and needs to be modeled in more detail. These baffles have to be accessible or removable as they will need periodic cleaning. They also serve the function of preventing glow electrode primary electrons from reaching the substrate or cryopump. The concentric wall arrangement additionally mitigates the slopes and high spatial frequency structure in the deposited film. mbar is 80,000 liters with a geometric surface area of 150m 2 . The original design called for this volume to be evacuated by three φ 1.3m cryopumps, although there was some disagreement about the need for that much speed and capacity. Much of the initial testing took place with only one valved cryopump, and on the basis of those results it was decided that two cryopumps would be sufficient. The mirror cell volume is roughly equivalent to the front volume with a great deal more surface area. Roughing is accomplished with an 850m 3 /hr rotary vane pump backing a 10,000m 3 /hr Roots blower. Figure 9 illustrates the layout of the roughing system. The mechanical pump and blower are permanently secured to a flatbed trailer, which makes for easy transport and offsite storage. Roughing lines are φ 12" schedule 80 PVC irrigation pipe coupled with neoprene sleeves. A gap is forced between adjoining sections of pipe. As the lines are evacuated, barometric pressure (750 mbar) draws the sleeves into contact with smooth, filleted surfaces for the pressure seal. This scheme is very inexpensive and provides flexible seals that are He leak-tight to 10 Outgassing by the roughing line material represents less than 1% of the gas load at 10 -2 mbar. The line comes into the telescope chamber through the rear exterior wall before bifurcating to the mirror cell and vacuum head. At each end of the bifurcation is a liquid nitrogen (LN2)-cooled, optically dense chevron baffle and φ 30cm right-angle, pneumatic poppet valve. The cold traps are necessary to prevent backstreaming from the roughing pumps during transition, and greatly enhance the roughing system's ability to remove water vapor. The φ 30cm valves are bypassed by φ 5cm valves that, with feedback from a 0±10 mmHg differential capacitance manometer, allow adequately precise pressure control during the initial stages of pumpdown. Pressures in both vacuum regions can't be allowed to differ by more than a few mbar without risking rupture of the pressure membrane. In viscous flow, line conductance losses are about 20%. In all pressure regimes, conductance is limited by the chevron baffle, and one could effectively argue that the rear baffle is unnecessary, the mirror cell being such a dirty environment that worrying about backstreaming seems unnecessary. Even with the baffle installed, the mirror cell can easily be held at 3X10 -2 mbar, which for an estimated effective pumping speed of 2000 l/s, implies a total gas load in the mirror cell of about 50 mbar-l/s.
Vacuum System
Roughing System
High-Vacuum System
The decision to use cryopumps for evacuation to working pressure was made early in the design process. The staff had no experience with capture pumps, and some paranoia crept in as rumors concerning performance and reliability surfaced early in the familiarization period. A conservative philosophy was adopted: preserve, to the extent practicable, cryopumps for process only-finding other means of accommodating chamber conditioning, glow discharge cleaning, etc.-and cross over at the lowest pressure obtainable. The main component of this solution is a 6,000 l/s turbomolecular pump. It can be started toward the low end of the blower range (10 -2 mbar) and will pump the chamber to about 10 -5 mbar. The turbo is backed through a φ 5cm pickoff from the roughing line.
Two closed-loop, gaseous helium cryopumps with throat diameters of 1.32m are used. The first stage is LN 2 -cooled with a reservoir capacity of a few hours. Three 12W cold heads refrigerate the second stage (charcoal) to 11K. At our request, the cryopump manufacturer increased the charcoal area about 50% to provide greater thermal inertia as well as higher light-gas pumping speed. This should enhance the system's ability to cope with the expected H 2 surge prior to Al evaporation (the origins of which are not completely understood although H 2 evolution resulting from dissociative adsorption of water molecules is known to occur in abundance throughout the evaporation). H 2 pumping speed was measured at the manufacturing facility in excess of 110,000 l/s at 1.3X10 mbar. The unpleasant prospect of roughing to pressures this far into the transitional range drove the decision to include the LN 2 baffles in the roughing lines, and reinforced the argument for the turbopump. (At the point these decisions were made, the possibility of having cryopumps without valves was very real-with valves, they can be pumped down offline. The front baffle is still needed to rough the process volume to the turbomolecular pump start pressure (≈ 0.05 mbar) as it does not, and will not, have an isolation valve.)
We now believe that the gas capacities of the cryopumps amply allow for crossover at more reasonable pressures (0.25 mbar) where backstreaming is not a consideration. According to the manufacturer's numbers (Ar capacity = 6,000 atm-l, similar for nitrogen) crossover at 0.25mbar could be accomplished hundreds of times before approaching capacity. The turbopump is still a very desirable tool and while the process could succeed without it, comfort and safety margins are certainly larger with it. Being able to hold the chamber vacuum while regenerating a cryopump and having an absolute backup in case the cryopumps become saturated or overwhelmed by the gas load is a decided advantage, as is being able to condition the chamber independent of the cryopumps.
In a cryopumped system it is necessary to shield the first-stage (80K) chevron from any source of heat or fast electrons. To accomplish this there are throat-diameter stainless discs located one radius from the effective cryopump apertures. Conductance is minimally impacted while the bulk of radiation incident on the chevron is intercepted.
As part of the original scheme, Meissner traps and other means of external cryocondensation pumping to augment the cryopumps were discussed for management of the H 2 surge (i.e., water vapor). At the time it wasn't very clear whether H 2 production resulted primarily from dissociation of free or adsorbed water vapor. Evidence suggesting the latter surfaced, so further removal of free water vapor appeared to be of comparatively little value, certainly vis-à-vis the trouble and expense. Cryocondensation coils would also be of no value in pumping light gasses such as H 2 .
The best thing that could happen regarding management of water vapor would be to aluminize during a dry part of the year instead of in the heart of monsoons-the MMTO closes for maintenance and recoating during the annual period of daily rain, mid-July through early September. Our experience, however, shows the water problem to be much less intractable than was originally suspected.
Pressure Membrane
The body of the honeycombed, borosilicate mirror must be isodynamically pressurized; the stresses induced by an atmosphere pushing on one side would be unacceptably high. This means the entire mirror has to be under vacuum with the backside exposed to a very unclean environment. The gas load imposed by the mirror cell would make pumping the entire volume to 10 -6 mbar prohibitively expensive, if not impossible. Some means of isolating the front surface of the mirror from the cell is required. Polyester (Mylar ® ) film aluminized on one side is used as a barrier material with the coated side toward lower pressure. The outgassing rate of very thin polyester aluminized on both sides is higher by an order of magnitude after about 30 minutes. The dominant material outgassed in the short term is absorbed water, which diffuses rapidly toward the uncoated side. The MMTO has no data on permeability of these membranes, but empirical results suggest gas load from any source associated with them is negligible. Figure 9 illustrates the membrane system in cross section.
The membrane is clamped at the top of the mirror cell so as to encompass the elevation axle covers and the cell perimeter wall, which are anything but clean after years of atmospheric exposure. The membrane surface area is 17.5m 2 -a 1mbar pressure differential applies a force of about 400lbs. With 1 atm in the inflatable seal, burst pressure is somewhat in excess of 15 mbar (determined empirically) with a 0.05mm membrane. This figure could be highly variable. While it should never be needed in this capacity (in fact, it already has), the membrane doubles nicely as an absolute pressure relief system (burst disc) protecting the mirror from significant pressure gradients. If the membrane ruptures, time to recover to the same point in the process is about two days.
Membranes of 0.05mm and 0.006mm thickness have been used. The thicker material presumably tolerates greater pressure differentials and has lower permeability. It definitely presents problems with pleating in one or both seal locations. An improved design would have the membrane represent the wall of a cylinder rather than that of a cone frustum, reducing or eliminating the pleating problem. Pleats appear to be no impediment for the thinner material, and the degree of isolation obtainable is the same for both.
The process of evacuation starts with 1atm (gauge) in the inflatable seal. In order to limit radial forces exerted on the primary mirror frontplate, this pressure must be reduced proportionally as pressure in the vacuum head drops so that as the latter approaches zero, the former approaches 1atm (absolute).
For the first coating the Cassegrain perforation was covered with the same polyester film. An Al, o-ring sealed center plug with provisions for a remotely activated φ 0.36m butterfly valve was implemented for the second. Figure 9 . Pressure membrane details.
Glow Apparatus
Glow electrodes are rings of φ 16mm 3003-H14 Al tubing (rolled rod would have been a better choice from a vacuum standpoint). This alloy is almost 99% Al, much less expensive and more readily available than 1100 Al alloy. Two continuous electrodes are located just above the top shield on the middle and outer source ring assemblies at radii 200 and 319cm, heights 172 and 152cm. A power supply rated at 5,000VAC and 500mA drives the electrodes, one of which is a floating ground. A stable, uniform glow discharge at 10µ requires about 700V at 400mA. Series W-filament light bulbs on the input side of the power supply regulate current and suppress surges.
Power System
Our first successful mirror coating used an in-house developed pulse-width modulation (PWM) power supply using truck starting batteries as the primary energy supply. With Metal-oxide Semiconductor Field Effect Transistors (MOSFETs) as the switching element, we could vary the PWM duty cycle to control the average power delivered to the filament load. While compact and fairly inexpensive, the large 1100A current pulses (with a 24V battery bus) led to the need to develop a surprisingly non-trivial snubber circuit to absorb the inductive kick-back from the filament leads and source ring bus to prevent catastrophic destruction of the switching elements. In addition, water cooling was necessary to keep the MOSFETs cool enough to survive a coating cycle. Not long after this system was first used, the vendor stopped producing those particular MOSFETs, and so MMTO was left with few spares in inventory.
Due to the lack of spare parts and the problematic design of the original PWM system, MMTO embarked on a project to develop a suitable replacement for the MOSFET switching power supply. We created Simulink models to predict the power draw of a single filament circuit (20 filaments in parallel), and evaluated several commercial alternatives for completely replacing the filament supply based on our modeled power requirements, which predicted 14V at 550A per filament circuit. The filament current for the new system was reduced from that used in 2001 due to the selection of slightly smaller diameter W wire in the filaments, raising the room-temperature resistance, and the lower allowable output bus voltage with an adjustable power supply. In the end, we selected DCoutput arc welder supplies from Miller Welding (model Deltaweld CV-652), rated 44V at 650A output. These units use Silicon-controlled Rectifier (SCR) bridges to rectify the low-voltage secondary winding of a large 3-phase AC transformer, with primary excitation at 480VAC. Their output is smoothed by an internal series choke, eliminating ripple and switching harmonics from the output. Electronics internal to the welder regulate the output voltage to an adjustable level, and provide buffered and scaled outputs for measuring the welder output voltage and current. A remote control connector is conveniently provided on the welder front panel for electrical connections, and the welder output can be switched on and off via remote control. We performed a simple modification to the welder regulator circuit that allowed us to set the welder minimum output voltage to 1.5V, down from the factory setting of 10V, which our models predicted was close to the required evaporation level during the coating. No special cooling or circuit protection is necessary, as the welders are designed for use in an unfriendly industrial environment. For 2005, we had revamped the data acquisition system in the coating electronics, and the data archiving system was changed. The pressure and thickness monitor data are shown below in figures 12 and 13, respectively. For both coatings, our objectives in pressure, deposition rate, and total thickness were met. The film quality was consequently excellent, with good adhesion and reflectance. 
Conclusions
It has been demonstrated that, while certainly not trivial, the complications of in situ aluminization for a 6.5 m class mirror are manageable. In answer to the challenges posed, the MMT observatory has developed the following:
o An easy, practical method of storage and transport for roughing-system pumps. o Inexpensive, portable, vacuum plumbing for remotely located pumps. o A system for storage, maneuvering, and balancing a 20 ton vacuum head. o Methodology for transforming a mirror cell into a vacuum chamber. o A workable scheme for partitioning vacuum regions and successfully maintaining good evaporation pressure on one side. o A method by which both volumes can be evacuated while maintaining a differential pressure of no more than a few mbar. o A rugged power system that can simultaneously fire hundreds of filaments without consuming site resources in space and available electrical power. o A method for producing highly uniform coatings with source arrays very close to the substrate.
Interested readers can find a more in-depth version of this paper, with extensive references at the following URL:
http://www.mmto.org/MMTpapers/pdfs/itm/itm03-2.pdf 
